
  

FIRST LAW OF THERMODYNAMICS AND NON FLOW PROCESSES 

Prof. Haroun A K Shahad 

The non-flow processes occur in the closed system and classified into two types; either reversible 

non-flow processes or irreversible non-flow processes. The first law of thermodynamics is valid 

for both types and the resulting equation is known as the non-flow energy equation as mentioned 

in the previous lecture. All actual non-flow processes are irreversible while the reversible process 

is an ideal process. 

According to the first corollary of the first law of thermodynamics the change in internal or 

intrinsic energy of a system during a process equals the difference between work done and heat 

supplied. 

12 EEWQ                                                                                                                     (6-1) 

OR, 

12 UUWQ                                                                                                                                             (6-2) 

𝑈 = 𝑚𝑢                                                                                                                                 (6-3) 

where, 

m=mass of system (kg) 

u=specific internal energy of system (kJ/kg) 

Equation (6-2) can be written in differential form as, 

dUWQ                                                                                                                                                 (6-4) 

OR per unit mass as, 

duwq                                                                                                                                                     (6-5) 

All the above equations can be used for reversible and irreversible processes. 

For a reversible process the work can be expressed as, 

Pdvw                                                                                                                                                           (6-6) 

Pdvduq                                                                                                                                                (6-7) 

Example 6-1 

A closed tube with a constant volume of 100 mL contains a mixture of saturated liquid water and 

saturated steam in equilibrium at 100 kPa in a proportion that makes the mixture passes through 

the critical state when heated. Calculate the amount of heat required to make the steam reaches the 

critical state. 
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Since the tube is closed the system is a closed system and the non-flow energy equation can be 

used. 

Since the volume of tube is constant no work is done during the heating process (W=0). 

12 UUWQ   

 1212 uumUUQ   

Since the mixture reaches through the critical sate at the end of heating its properties equal the 

properties of critical state which can be obtained from steam tables. 

cc vvuu  22 ,     

/kgm  00317.0    , kJ/kg  2038 3

22  vu  

Initially there is a mixture of saturated liquid and saturated steam. 

 11111 fgf uuxuu   

111 gvxv   

Since the tube is closed and has a constant volume the mixture specific volume remains constant 

during heating process. 

1121 gvxvv   

Find vg at 100 kPa from table. 

/kgm  694.1 3

1 gv  

00187.0
694.1

00317.0

1

2

1 
gv

v
x  

kg    0315.0
00317.0

10100 6

1







v

V
m  

  kJ/kg    421417250600187.04171 u  

    kJ   9.5042120380315.012  uumQ  

 



  

Specific Heats 

The specific heat is defined as “the amount of heat required to raise the temperature of a unit mass 

of system one degree temperature rise”. The amount of heat added during a process depends on 

the path of the process and since there are infinite possible paths between ant two states there 

would be infinite possible specific heats. In this context we will consider only two important 

specific heats which specific heat at constant volume and specific heat t constant pressure (cP). 

Specific Heat at Constant Volume 

It is defined as follows “the amount of heat required to raise the temperature of a unit mass of 

system one degree temperature rise when the heat added at constant volume (∆𝑉 = 0 )”. It is given 

the symbol (cv) per unit mass and (Cv) per unit mole. 

There is another definition for the specific heat at constant volume which is stated as “the change 

in internal energy of a unit mass or mole of the system when its temperature varies by one degree 

temperature between two states of the same volume”. The relation between the mass specific heat 

and molar specific heat is, 

vv cmwC                                                                                                                                                   (6-8) 

Where mw is the molecular weight of system. 

Since the process is a constant volume process then (∆𝑉 = 0) and the non-flow energy equation 

becomes, 

uuuq  12                                                                                                                                               (6-9) 

According to the definition of specific heat it can be expressed mathematically as, 
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The term 
vT

u












 represents the average specific at constant volume through the range of 

temperature T . The average specific heat at constant volume varies with T  and specific 

volume. As T  approaches zero the value of term 
vT

u












 approaches

vT

u












. Hence we can 

write, 
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
                                                                                                                                                      (6-12) 
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As the internal energy is a property of system it can be expressed in terms of any other two 

properties of the system. 

 vTfu ,                                                                                                                                                 (6-13)    
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                                                                                                                (6-14) 

For constant volume process (dv=0) hence, 

dT
T

u
du

v













                                                                                                                                      (6-15) 

dTcdu v                                                                                                                                                (6-16) 

Equation (6-16) is similar to Joules law for perfect gases which is state as follows “the internal 

energy of a perfect gas is a function of temperature only” which is expressed mathematically as, 

𝑢 = 𝑓(𝑇)                                                                                                                            (6-17) 

This law was proved experimentally by the scientist Joule in 1843 as follows. 

Consider two closed vessel (A and B) connected by a pipe through valve as shown in fig (6-1).  

 

 

 

 

 

 

 

 

 

 

 

 

Fig (6-1) 
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One of the vessels contains air at 22 atm. while the other is evacuated. The two vessels are 

immersed in a thermally insulated water bath. When the vessels and water bath reaches thermal 

equilibrium the valve is opened so that the air expands to fill both vessels until the pressure is the 

same in both vessels. It was found that the temperature of the water bath remains constant which 

means no heat exchange occurs between the water bath and the air in both vessels (Q=0). Also no 

work is done during the process (W=0).  

Apply the non-flow energy equation, 

𝑄 − 𝑊 = 𝑈2 − 𝑈1   

∴ 𝑈2 = 𝑈1  

Since the pressure and volume of air are changed during the process while the internal energy 

remains constant Joule concluded that the internal energy is independent of pressure and volume 

but depends on temperature only. 

To find the functional relationship of equation (6-16) assume a unit mass of a perfect gas is heated 

at constant volume. Apply the non-flow energy equation in differential form for this process. 

wduq    

But, 0w  since the volume is constant. 

duq   

From equation (6-16), 

dTcdu v  

Since cv is constant for perfect gas, 

   dTcdTcdu vv  

kTcu v    , where k is the constant of integration. 

Since the internal energy of a perfect gas equals zero at absolute zero the constant of integration 

(k) equals zero. 

Tcu v                                                                                                                                                         (6-17) 

If a perfect gas undergoes a process between two states (1) and (2) the change of internal energy 

of the gas during the process is, 

 121212 TTcTcTcuu vvv   
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Since duq   for constant volume process, 

 
2

1

2

1

duq  

 12

2

1

TTcdTcq vvv    

Where (qv) represents the heat exchanged during the constant pressure process. For a mass (m) the 

total heat exchanged equals, 

 12 TTmcQ vv   
Specific Heat at Constant Pressure 

It is defined as follows “the amount of heat required to raise the temperature of a unit mass of 

system one degree temperature rise when the heat added at constant pressure (∆𝑃 = 0 )”. It is 

given the symbol (cP) per unit mass and (CP) per unit mole. 

There is another definition for the specific heat at constant pressure which is stated as “the change 

in enthalpy of a unit mass or mole of the system when its temperature varies by one degree 

temperature between two states of the same pressure”. The relation between the mass specific heat 

and molar specific heat is, 

𝐶𝑃 = 𝑚𝑤𝑐𝑃  

Where mw is the molecular weight of pure substance. 

The enthalpy is another property of pure the pure substance which depends on the internal energy, 

volume and pressure and given the symbol (h). It is expressed mathematically as, 

ℎ = 𝑢 + 𝑃𝑣                                                                                                                       (6-18) 

By differentiating the above equation at constant pressure, 

𝑑ℎ = 𝑑𝑢 + 𝑑(𝑃𝑣)                                                                                                             (6-19) 

The total enthalpy is given as, 

𝐻 = 𝑚ℎ = 𝑚(𝑢 + 𝑃𝑣) = 𝑈 + 𝑃𝑉                                                                                   (6-20) 

The units of specific enthalpy (h) is (J/kg) and the units of total enthalpy (H) is (J). 

Apply the non-flow energy equation in differential form, 

Pdvduq   

Since the pressure is constant during the process, 

 Pvdduq                                                                                                                                          (6-21) 
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From the comparison of equations (6-19) and (6-21) we find that,  

𝛿𝑞 = 𝑑ℎ                                                                                                                            (6-22) 

This means that the amount of heat supplied equals the change in specific enthalpy during the 

process. 

From the definition of specific heat at constant pressure we can write, 

p

p
T

q
c 










  

pp T

h

T

q























                                                                                                            (6-23) 

The term 
pT

h
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
 represents the mean specific heat at constant pressure through the temperature 

range T  . As T  approaches zero the term 
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specific heat at constant pressure. 
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                                                                                                                                              (6-24) 

As the enthalpy is a property of system it can be described by any other two properties for example 

pressure and temperature. 

 PTfh ,                                                                                                                                                   (6-25) 
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                                                                                                                   (6-26) 

Since the process is at constant pressure ( 0dP ), 

dT
T

h
dh

P













                                                                                                                                       (6-27) 

From equations (6-24) and (6-27) we find, 

dTcdh p                                                                                                                                                 (6-28) 

For perfect gas substitute for (dh) from equation (6-22), hence, 

dTcq P                                                                                                                                                  (6-29) 
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By integrating equation (6-29) between states (1) and (2), the heat exchanged with the 

surroundings is obtained.  

dTcq P 

2

1

2

1

                                                                                                                                            (6-30) 

Now for constant cP, 

 12 TTcq PP                                                                                                                                     (6-31) 

For mass of system (m), 

 12 TTmcQ pp                                                                                                                                      (6-32) 

The heat exchanged for vapors is obtained by integrating equation (6-22) between states (1) and 

(2). 

∫ 𝛿𝑞
2

1
= ∫ 𝑑ℎ

2

1
      

∴ 𝑞 = ℎ2 − ℎ1                                                                                                                   (6-33) 

For the solid and liquid phases of the pure substance the specific heats vp cc ,  are approximately 

equal since the coefficient of volumetric expansion is very small and can be neglected. 
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                                                                                                                                                (6-33) 

Therefore the heat transfer process at constant pressure can be considered as a heat transfer at 

constant volume i e, 
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                                                                                                                                      (6-34) 

 Pvddudh   

Since the pressure is constant, 

 dvPdudh   

However,  0dv , 

dudh   
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ccc vp                                                                                                                         (6-35) 

In the gas phase of the pure substance there is a clear difference between the values of 
vp cc , since 

the volume varies with pressure and temperature. Many mathematical relations can be derived 

relating these specific heats as shown below. 

Assume a mass (m) of a perfect gas is heated from T1 to T2 at constant pressure. Apply the non-

flow energy equation for this process. 

  WUUQ  12  

     12121212 VPW,    TTmRVTTmcUU v   
   1212 TTmRTTmcQ v                                                                                                          (6-36) 

From equation (6-32), 

 12 TTmcQ p   

Equating equations (6-32) and (6-36), 

     121212 TTmRTTmcTTmc vp   

Hence, 

Rcc vp                OR                                                           

vp ccR                                                                                                                                            (6-37) 

Multiply both sides of equation (6-37) by the molecular weight (mw) of the gas, 

vp mwcmwcmwR   

vpo CCR                                                                                                                            (6-38) 

Where (Ro) is the universal gas constant and (R) is the specific gas constant which is always 

positive, hence vcpc  for all gases. 

The ratio between the two specific heats ( ) is known as the adiabatic index and used in many 

mathematical thermodynamic derivations. 

v

p

c

c
                                                                                                                                                (6-39) 

For all gases  1.0 . 

For monatomic gases 6.1 . 
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For diatomic gases 4.1 . 

For triatomic gases 33.1 . 

By dividing equation (6-37) by (cv) the following relation is obtained. 

1 
vc

R
 

1



R
cv                                                                                                                             (6-40) 

From equation (6-39) and by substituting in equation (6-40) with rearrangement the following 

equation is obtained. 

1



R
cp                                                                                                                               (6-41) 

THE REVERSIBLE NON-FLOW PROCESSES 

There are many possible non-flow processes undergone by a system but we will consider only five 

processes which are important. 

1-The constant volume process 

2-The constant pressure process  

3-The constant temperature process   

4-The adiabatic process 

5-The polytropic process  

In the following sections we will discuss these processes in more details with reference to the 

application of the non-flow energy equation for each process. 

1-The Constant Volume Process 

It is the process during which the system boundaries are fixed and not moving so that the system 

volume remains constant. It is also referred to as the isochoric process. Since the system volume 

is constant no work is done during this process neither by the system on surroundings nor by 

surroundings on the system. There only one possible constant volume process where work is done 

by surroundings on the system which is the mixing process by a mixer. This type of work is known 

as peddling work. This process is represented by a vertical line on the P-V diagram as shown in 

fig (6-2) for vapor and perfect gas. 

Apply the non-flow energy equation for this process, 

WUUQ  )( 12  
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0W  

 1212 uumUUQ   

If the working fluid is vapor u1 and u2 are obtained from tables and if the working fluid is perfect 

gas apply Joules law. The non-flow energy equation for perfect gas becomes, 

 12 TTmcQ v   

The equation of state for perfect gas becomes, 

2

2

1

1

T

P

T

P
                                                                                                                                         (6-42) 

 

 

 

 

 

 

 

 

                                        Vapor                                                   Perfect Gas 

Fig (6-2) Constant Volume Process on P-V Diagram 

Example 6-2 

A solid cylinder with a volume of 0.025 m3 contains steam at 80 bar and 350 oC. The cylinder is 

cooled until the pressure becomes 50 bar. Determine the quality of steam and the amount of heat 

lost at the end of the process. 

Since the cylinder is solid its volume remains constant during the cooling process which is a non-

flow process. Apply the non-flow energy equation. 

    WuumWUUQ  1212  

Since the volume is constant 0W  

 12 uumQ   

From steam tables we find that at 80 bar and 350 oC the steam is superheated. Hence, 

kgu /m  02994.0      v          kJ/kg  2750 3

11   

P2 

P1 

1 

2 

V1=V2 

P2 

P1 1 

2 

V1=V2 
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Assume that the mass of steam within the cylinder is (m). 

kg  835.0
02994.0

025.0


v

V
m  

Since the process is a constant volume process, 

kgvv /m  0294.0 3

12   

From steam tables the specific volume of saturated steam at 50 bar is, 

kgvg /m  03944.0 3  

Since gvv 2  the steam at the end of cooling process is wet. 

758.0
03944.0

02994.02 
gv

v
x  

   fgf uuxuu 2  

Also we find uf and ug at 50 bar from steam tables, 

  kJ/kg  224711492597758.011492 u  

After substitution in the non-flow energy equation, 

  kJ  42027502247835.0 Q  

which is the heat lost from the cylinder during the cooling process. 

Example 6-3 

A solid cylinder with a volume of 0.5 m3 contains air at 1 bar and 25 oC. The cylinder is heated 

until the pressure becomes 5 bar. Determine the air temperature and the amount of heat supplied 

at the end of the process. 

Assume that the mass of air inside the cylinder is (m). 

kg  585.0
298287

5.0101 5

1

11 





RT

VP
m       

Since the cylinder volume is constant (V2 = V1), 

K  1489
287585.0

5.0105 5

22
2 






mR

VP
T  

Apply the non-flow energy equation, 

1 

2 

P 

V 

T2 

T1 1 

2 

P 

V 



  

  WuumQ  12  

Since the volume is constant no work is done, 

   1212 TTmcuumQ v   

  kJ  27.5002981489718.0585.0 Q  

2-The Constant Pressure Process 

During this process the pressure remains constant therefore it is also referred to as the isobaric 

process. As the system boundaries are moving during this process the system volume is changed 

and work is done. The amount of work done during the process is calculated by integrating the 

equation of work during the process. 


2

1

PdVW  

Since the pressure is constant this equation can be easily integrated. 

 12

2

1

VVPdvPW                                                                                                                          (6-43) 

Apply the non-flow energy equation, 

  WuumQ  12  

Substitute equation (6-43) for work, 

 

After rearrangement the above equation becomes, 

    1122 PvuPvumQ    

But  Pvuh   
 12 hhmQ                                                                                                                                       (6-44) 

This means that the amount of heat exchanged with the system during the constant pressure process 

equals the change in its enthalpy during the process. 

For vapor the enthalpies (h1)  and ( h2) are obtained from tables. 

For perfect gas, 

   1212 TTmRVVPW   

Substitute for work in the non-flow energy equation. 
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   1212 TTmRTTmcQ v   

  12 TTRcmQ v   

 12 TTmcQ p                                                                                                                                   (6-45) 

The equation of state for perfect gas becomes, 

2

2

1

1

2

2

1

1

T
    ,      

T

vv

T

V

T

V
                                                                                                                      (6-46) 

This process is represented by a horizontal line on the P-V diagram as shown in fig (6-3). The area 

under this line represents the work done during the process. 

 

    

            

 

                                     Vapor                                                  Perfect Gas 

Fig (6-3) The Constant Pressure Process on P-V Diagram 

Example 6-4 

A quantity of a certain fluid with a mass of 0.05 kg is heated at constant pressure of 2 bar until its 

volume becomes 0.0658 m3. Calculate the amount of heat supplied and work done during the 

process if, 

1-The fluid is saturated steam initially, 

2-Air at a temperature of 130 oC initially. 

1-The fluid is saturated steam initially. 

The initial properties of steam are obtained from saturated steam table. 

gg vhh  11   v,    

kgh /m  8856.0v,    kJ/kg  2707 3

11   

Since the process is a constant pressure non-flow process, 

  

W 
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P 

pc
Highlight



  

 12 hhmQ   

 12 vvmPW   

 

kg
m

V
v /m  316.1

05.0

0658.0 32
2   

Since gvv 2  at 2 bar the steam is finally superheated and its enthalpy (h2) is obtained from 

superheated steam tables. 

kJ/kg  30722 h  

  kJ  25.182707307205.0 Q  

  kJ  4.304J  43048856.0316.110205.0 5 W  

 

 

 

 

 

 

2-The fluid is air 

The process is a constant pressure non-flow process. 

12 PP   

222 mRTVP   

K  917
28705.0

0658.0102 5

22
2 






mR

VP
T  

 

  kJ  83.25403917005.105.0

12



 TTmcQ p
 

    kJ  38.7403917287.005.012  TTmRW  
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V1         V2      V 

P1=P2 
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V1         V2      V 

P1=P2 

P 



  

3-The Constant Temperature Process 

This process is also referred to as the isothermal process since the temperature at the start and 

end of process is the same. It is difficult to keep the temperature constant during any expansion 

or compression process. Therefore the system must heated during expansion or cooled during 

compression to keep the temperature constant. Fig (6-5) shows this process on P-V diagram. 

 

 

 

 

 

 

 

Vapor                                    Perfect gas 

Fig (6-4) The constant temperature process on P-V diagram 

Line 1-2 on the P-V diagram is known as the isothermal line or the isotherm. 

Since it is a non-flow process the non-flow energy equation can be applied. 

  WuumQ  12  

For vapor u1 and u2 are obtained from tables according to quality of vapor while the work is 

obtained by the following equation. 


2

1

PdVW                

The integration of the above equation depends on the relation between pressure and volume 

during the process.  

For perfect gas the following equations are used; Boyles law, Joules law, equation of state, the 

non-flow energy equation in addition to the above equation of work. 

2211P   ,    VPVCPV    

1 

2 

V 

T1=T2 

P 

1 

2 

V 

P 

PV=C 
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mRTPV   ,      RTPv  

Tcu v  


2

1

PdVW  

This equation is integrated with the help of Boyles law, 

V

C
PCPV  ,  

 

2

1

2

1
V

dV
CdV

V

C
W  

1

2ln
V

V
CW   

But  2211 VPVPC   

1

2
22

1

2
11 lnln

V

V
VP

V

V
VPW                                                                                                              (6-47) 

From Boyles law, 

2

1

1

2

P

P

V

V
  

2

1
22

2

1
11 lnln

P

P
VP

P

P
VPW                                                                                                             (6-48) 

Also from the equation of state, 

222111 P ,       mRTVmRTVP   

Since the temperature is constant ( 21 TT  ) 

2

1

1

2 lnln
P

P
mRT

V

V
mRTW                                                                                                       (6-49) 

According to Joules law, 

 1212 TTcuu v   

Since 21 TT   
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012  uu  

Therefore the change of internal energy of the perfect gas during the isothermal process is zero. 

Hence for perfect gas, 

WQ                                                                                                                                                             (6-50) 

This means that, for perfect gas, the work done during the isothermal process equals the heat 

exchanged during the process. 

Example 6-5 

Steam at 7 bar with a dryness fraction of 0.9 expands inside a cylinder to 3 bar according to the 

law PV=C. Calculate the work done and the heat exchanged per unit mass of steam during the 

process. 

This is an isothermal non-flow process follows the law PV=C. 

Find the properties of the wet steam initially. 

 fgf uuxuu 1  

  kJ/kg  5.238369625719.06961 u  

kgxvv g /m  2457.0273.09.0 3

1   

From the law PV=C. 

2

11
2

P

VP
v   

kgv /m  5733.0
3

2457.07 3

2 


  

From saturated steam table 𝑣𝑔 = 0.606 𝑚3/𝑘𝑔 at 3 bar. 

Since 𝑣2 < 𝑣𝑔 at 3 bar the steam remains wet at the end of process. 

946.0
606.0

5733.02 
gv

v
x  

 fgf uuxuu 2  

  kJ/kg  24365612543946.05612 u  
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kJ/kg 145.726    

J/kg  145726
2457.0

5733.0
ln2457.0107ln 5

1

2
11




v

v
vPw

 

  wuuq  12  

  kJ/kg 226.198726.145238352436 q  

This heat is supplied to the system since it is positive. 

Example 6-6 

Calculate the work done during an isothermal compression process of 0.5 mole of oxygen gas 

initially at 27 oC from 1 bar to 100 bar. 

 
2

1ln
P

P
TnRW o  

K  30027327 T  

J  5744
100

1
ln30083145.0 W  

4-The Adiabatic Process 

The adiabatic process is the process during which no heat is exchanged with the surroundings 

which means that the system is thermally isolated from its surroundings. Adiabatic processes could 

be reversible or irreversible. Fig (6-5) shows this process on the P-V diagram. When the adiabatic 

process is reversible it is referred to as isentropic process which means there is no change in 

system entropy during the process. Apply the non-flow energy equation, 

  WuumQ  12  

Since the process is adiabatic ( 0Q ), 

 21 uumW                                                                                                                                   (6-51)  

Equation (6-51) is used for adiabatic reversible and irreversible processes. 

When the working fluid is vapor u1 and u2 are obtained from vapor tables according to vapor 

quality and the work is calculated directly from equation (6-51). 

When the working fluid is perfect gas a mathematical formula is derived depending on the equation 

of state, non-flow energy equation and the adiabatic law as shown below. 
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Vapor                                                Perfect Gas  

Fig (6-5) The Adiabatic Process 

Let us first derive the adiabatic law starting with the non-flow energy equation in differential form. 

wduq          

Since, 0Q ,                                                                                                                                    

0 wdu   

dTPdvw vcdu,       RTPv    ,        

0
v

dv
RTdTcv  

Divide by (T), 

0
v

dv
R

T

dT
cv  

By integrating the above equation, 

1lnln CvRTcv   

Where C1 is the constant of integration. 

From equation the equation of state of perfect gas, 

1 

V1            V2    V 

P 

2 

1 

2 

V1            V2       V 

P 

 T1 

 T2 
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R

Pv
T   

1lnln CvR
R

Pv
cv 








  

Divide the above equation by cv  

2
1lnln C

c

C
v

c

R

R

Pv

vv









 

1 
vc

R
 

  2ln1ln Cv
R

Pv









   

  2

1
lnln Cv

R

Pv








 
 

2ln C
R

Pv








 

 

2C
e

R

Pv




 

constant3
2  CeRPv

C  

CPv                                                                                                                                            (6-52) 

This equation is known as the adiabatic law of perfect gases 

        2211 CvPvP  
 

Where C, C1, C2 and C3 are all constants. 













1

2

2

1

v

v

P

P
                                                                                                                                          (6-53) 

The value of the adiabatic index (ɣ) depends on the type of gas. For example (ɣ) for air is 1.4. 

Depending on equation of state of perfect gas and equation (6-53) other adiabatic ratios can be 

derived as follows. 
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v

RT
P   

Cv
v

RT
 

 

1

1 C
R

C
Tv 

 

constant1

22

1

11    vTvT  

1

1

2

2

1















v

v

T

T
                                                                                                                             (6-54) 

Also from the equation of state of perfect gas, 

P

RT
v   

C
P

RT
P 










 

 
C

P

RT


1



 

11
C

R

C

P

T


 



 

 
  constant

1

11








C

P

T
 

   
constant

1

2

2

1

1

1 










P

T

P

T
 



 1

2

11













P

P

T

T
                                                                                                                                (6-55) 

The equation of the adiabatic work is derived as follows. 

   2121 TTmcuumW v   

1



R
cv  
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 
1

21








TTmR
W  

From equation of state mRTPV   

1

2211








VPVP
W                                                                                                                                (6-56) 

This is the equation for the work done during the adiabatic process which is represented by area 

(W) in fig (6-6). 

 

 

 

 

 

 

 

 

 

 

Fig (6-6) The Area Representing The Adiabatic Work 

Equation (6-56) can be derived in another method depending on the adiabatic law. 


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















1

1

111

1

222



 VVPVVP
W  

After rearrangement the following equation is obtained. 

1

2211








VPVP
W             

This equation is the same as equation (6-56). 

Example 6-7 

A quantity of gas with a mass of 1 kg expanded reversibly and adiabatically where its temperature 

dropped from 240 oC to 115 oC while its volume doubled. The work done during the process is 90 

kJ. Calculate the specific heats of the gas cP and cv and its molecular weight.  

Since the gas undergoes a reversible adiabatic non-flow process the adiabatic relations are used in 

the solution. 
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

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ln1
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ln   

4026.1  
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1

21




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

TTmR
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 
14026.1

3885131
1090 3






R
 

J/kg.K  87.289R  
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14026.1

87.289

1









R
cv  

V1                     V2             V 

P 

 

W=90 kJ  

1 

2 

pc
Highlight



  

J/kg.K  866.100999.7194026.1  vp cc   
5-The Polytropic Process 

This process is represented mathematically by the following equation, 

𝑃𝑉𝑛 = 𝐶                                                                                                                       (6-57) 

This equation in known as the polytropic law. 

All real non-flow processes for vapor and gas can be represented by this law depending on the 

value of the index (n) which is known as the polytropic index. 

Fig (6-7) shows the process on the P-V diagram. 
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Fig (6-7) The Polytropic Process 

Similar to the adiabatic ratios we can write the polytropic ratios as follows. 

CvPvP nn  2211  

n

v
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P
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1                                                                                                                                          (6-58) 
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
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
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The equation for the work done during a polytropic process can be derived depending on the 

polytropic law and 
2

1

PdVW . 

1

2211






n

vPvP
w                                                                                                                                    (6-61) 

For mass (m), 

 
11

22112211











n

VPVP

n

vPvPm
W                                                                                                  (6-62) 

Equations (6-61) and (6-62) are used to calculate the done for both vapor and gas if the value of 

the polytropic index is given. 

A mathematical relation between the work done and the heat exchanged during the polytropic 

process of a perfect gas can be derived as follows starting with the non-flow energy equation 

  WuumQ  12  
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After simplification and rearrangement, 
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1


                                                                                                                                   (6-63) 

The polytropic law may be considered as a general law to represent all non-flow processes 

depending on the value of the index (n) as shown in table (6-1) and fig (6-8). 

Table (6-1) 

Type of Process Value of (n) The Law 

Constant Volume Process n Cv ,  
CPv  

Constant Pressure Process 0n CP ,    CPv
o

 

Isothermal process 1n CPv   

Adiabatic Process n 
CPv 

 

Polytropic Process nn  CPv
n   

 

 

 

 

 

 

 

 

 

Fig (6-8) 
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Example 6-8 

A wet steam with a dryness fraction of 0.9 expanded in a cylinder according to the law CPv 1.1

from a pressure of 2.5 bar. At the end of expansion process the volume of steam becomes four 

times its initial volume. Calculate the heat exchanged per unit mass of steam during the process. 

This is a non-flow process. Apply the energy equation for non-flow processes. 

  wuuq  12  

Find the properties of wet steam at initial state. 

    kJ/kg  8.233653525379.05351  fgf uuxuu  

Since it is a polytropic process, 

1.1

22

1.1

11 vPvP   

12 4vv   

bar  544.0
4

1
5.2

1.11.1

2

1
12 



















v

v
PP  

kgxvv g /m  648.072.09.0 3

1   

kgvv /m  592.2648.044 3

12   

Since gvv 2 at 0.544 bar the steam remains wet at end of process. 

876.0
96.2

592.22 
gv

v
x  

    kJ/kg 22223502487876.03502  fgf uuxuu  

1

2211






n

vPvP
w  

kJ/kg  21010}
11.1

592.210544.0648.0105.2
{ 3

55





 w  

    kJ/kg  2.952108.2336222212  wuuq  

Heat is supplied since it is positive. 



  

Example 6-9 

Consider an amount of air with a volume of 0.3 m3 at a pressure of 1 bar and a temperature of 26 

oC. The air is compressed according to the law CPvn   until its volume becomes 0.07 m3. 

 Calculate the work done, the change in internal energy and the heat exchanged during the process. 

The process is a plytropic reversible non-flow compression process. 
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The Irreversible Non-flow Processes 

As mentioned earlier all actual processes are completely irreversible and all mathematical 

formulation derived before are inapplicable. In this section some of these processes is considered. 

1-Irreversible adiabatic process 

As in the reversible adiabatic process there is no heat exchange with the surroundings (Q=0) 

during this process but the work done cannot calculated as (  PdVW ) since this equation is 

used for reversible processes only. However the non-flow energy equation is applicable. 
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  WUUQ  12  

0Q  

 2121 uumUUW                                                                                                          (6-64) 

The values of the internal energies u1 and u2 depend on the type of working fluid and its states 

initially and finally. It can be concluded from equation (6-64) that during this process the work 

done equals the change in internal energy.  

2-The irreversible constant volume, constant pressure, constant temperature and polytropic 

processes 

In all these processes the type of work fluid and its initial and final states should be known in 

addition to either the work done or the heat exchange. The non-flow energy equation is applicable. 

The work done cannot be estimated using the equation (  PdVW  ). 

  WUUQ  12  
 12 UUWQ                                                                        

3- Free or Un-resisted Expansion 

This is the most irreversible process due to the violent swirling and turbulent motion that occurs 

as the fluid expanded. As in other irreversible processes the equation of work (  PdVW  ) cannot 

be used. The process can be explained by considering a vessel divided into two parts by a partition. 

One part contains a fluid at a pressure P1 while the other is completely evacuated as shown in fig 

(6-9). 

 

 

 

Fig (6-9) Free Expansion Process 

Assume that the partition is destroyed and the fluid expanded suddenly to fill the whole vessel 

(free expansion) and finally reaches a state of thermal equilibrium at a pressure P2. The specific 

volume of the fluid becomes v2. The process can be assumed adiabatic (Q=0) since it occurs very 

quickly and no work is done (W=0). The non-flow energy equation can be applied. 

 
Fluid 
   P1 

Fluid 
 P2 

Vacum 

pc
Highlight

pc
Highlight



  

  WUUQ  12  

Since  0W,  0 Q  

21 UU                                                                                                                                                 (6-65) 

This means that there is no change in internal energy of working fluid during the free expansion 

process.  

For vapor the internal energy is obtained from tables according to its quality and properties. For 

perfect gas the internal energy is obtained by applying Joules law. 

21 TcTc vv   

21 TT                                                                                                                                                     (6-66) 

Equation (6-66) indicates that the free expansion process of a perfect gas is isothermal process. 

Example 6-10 

A vessel is divided into two parts. One part contains 1 kg of water at 700 kPa and 65 oC. The 

other part is empty. The partition is destroyed suddenly so that the water expanded to fill the 

whole vessel and the pressure becomes 15 kPa. Calculate the final temperature of water and the 

total volume of vessel. 

At 700 kPa and 65 oC the water is compressed liquid initially undergoes a free expansion process. 

The properties of compressed water are obtained from the compressed water tables. 

/kgm  00102.0  ,      kJ/kg  6.271 3

11  vu   

Since it is a free expansion process 0    W,   0 Q  

kJ/kg   6.27112  uu  

From saturated steam table find ug at 15 kPa. kJ/kg  9.2448gu  

Since  guu 2  the water is in state of wet steam. The dryness fraction is calculated as, 
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The temperature equals the saturation temperature at 15 kPa which is Ct o542  . 

/kgm 2055.002.100205.0 3

2  gxvv  

3

2 m  2055.02055.01  mvV  

This is the total volume of vessel. 
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